Abstract: Biotrue multipurpose solution (MPS) is a bioinspired disinfecting and conditioning solution that includes hyaluronic acid (HA) as a natural wetting agent. Previous studies demonstrated that HA sorbed from Biotrue MPS on both conventional and silicone hydrogel (SiHy) contact lens materials; an in vitro simulated-wear test validated the presence of HA on the lens surfaces for as long as 20 hours. In this study, the morphology and distribution of HA sorbed from both Biotrue and pure HA solution on SiHy contact lens surfaces was examined. Atomic force microscopy imaging was used to illustrate the topography of fresh SiHy contact lens materials before and after incubation with 0.1% (w/v) HA solution. The distribution, as well as fine details of the HA network, were resolved by first staining HA with Gram's safranin, then imaging with confocal laser-scanning microscopy and differential interference-contrast microscopy. In this approach, SiHy materials take up the dye (safranin) nonspecifically, such that the resultant safranin-HA complex appears dim against the fluorescent lens background. Balafilcon A was chosen as the representative of glassy SiHy lenses that require postpolymerization plasma treatment to increase wettability. Senofilcon A and samfilcon A were chosen as representatives of SiHy materials fabricated with an internal wetting agent. A confluent and dim HA-safranin network was observed adhered to balafilcon A, senofilcon A, and samfilcon A lens surfaces incubated with either 0.1% (w/v) HA solution or Biotrue MPS. Therefore, the conditioning function provided by Biotrue MPS may be in part explained by the presence of the HA humectant layer that readily sorbs on the various types of SiHy contact lens materials.
Introduction
Contact lens-surface hydration and wettability are important factors affecting both patient comfort and satisfaction. Many commercially available contact lens materials are inherently wettable as manufactured, but lose wettability after being worn on the eye for a few hours, due to lens dehydration and sorption of hydrophobic tear-film components. A traditional approach used to maintain wettability is the use of surfactants in multipurpose solution (MPS), eyedrops, and packaging solutions. Surfactants reduce solution surface tension and help moisture distribute more uniformly across the lens. 1 Nonionic surfactants, such as Tetronic 1107 and 1304, in lens-care solutions have proven effective at delaying the loss of lens wettability. 2, 3 Another approach used to maintain lens water and improve tear confluence across a lens surface is to include in lens-care solutions a well-chosen humectant biomolecule with affinity for the lens material. These include hydroxypropyl methylcellulose (eg, Complete MoisturePlus MPS; Abbott Medical Optics Inc, Santa Ana, CA, USA), 4 carboxymethyl cellulose (eg, Refresh Optive lubricating and rewetting drops; Allergan, Irvine, CA, USA),
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Wygladacz and hook and hyaluronic acid (HA; eg, Biotrue MPS; Bausch & Lomb Incorporated, Rochester, NY, USA). [6] [7] [8] HA, a biopolymer ubiquitously present in human and animal tissues, has found broad application in medicine and biotechnology. 9 Due to its unique set of biological and physical properties, such as viscoelasticity, 9 hydrophilicity, 10, 11 and lubricity, 10, 12 as well as its cell-regulating function, 13 HA has been used in numerous ophthalmic products, ranging from simple eyedrops to the viscoelastic used in cataract surgery. 13, 14 HA is included as a component in some contact lens-packaging solutions (eg, St Shine Optical, New Taipei City, Taiwan), 15 but to our knowledge the effect of the HA in these products upon lens performance has not been studied. HA is also included as a component of some contact lens MPS (eg, Biotrue and Simply One; Contopharma, Interlaken, Switzerland). However, the molecular weight (MW) of the HA varies greatly between products, which can dramatically affect its interaction with lens materials. 16 For example, incorporation of cross-linked 35 kDa and 169 kDa HA into a poly(2-hydroxyethyl methacrylate) hydrogel lowered water-contact angle and reduced in vitro sorption of lysozyme and albumin from artificial tear fluid. 14 In contrast, releasable, non-cross-linked 35 kDa HA had no effect upon contact angle after 30 minutes, while 169 kDa HA lowered contact angle over the 4-hour experiment, suggesting that free, low-MW HA did not remain at the hydrogel surface.
Quantitative chemical methods described in the literature to measure HA concentration include normal phase, reverse-phase ion-pair, and anion-exchange chromatography utilizing ultraviolet absorption and chemiluminescence, 17 high-performance liquid chromatography (HPLC) with fluorometric detection, 17 and surface-enhanced Raman spectroscopy. 18, 19 Qualitative methods to image HA in tissues or on surfaces are primarily microscopy-based, notably optical and confocal microscopies. [20] [21] [22] Because HA is a multinegatively charged biopolymer, it binds cationic dyes, among them alcian blue (AB) 22, 23 and Stains-All (E9379; Sigma-Aldrich Co, St Louis, MO, USA). 24 To our knowledge, these have been used to determine HA concentration in aqueous solution, 25 but not to visualize HA on silicone hydrogel (SiHy) contact lens surfaces.
In this study, HA sorption on three commercially available SiHy contact lens materials (inherently wettable senofilcon A and samfilcon A, as well as plasma-treated balafilcon A) was assessed. Balafilcon A, the oldest of the three lenses, was chosen as a representative "glassy" SiHy that requires postpolymerization plasma treatment to increase wettability. Senofilcon A and samfilcon A were chosen as representative of SiHy materials fabricated with an internal wetting agent. Both lenses were tested, because they incorporate the same wetting agent, but by different manufacturing methods. Atomic force microscopy (AFM) imaging, confocal laser-scanning microscopy (CLSM), and differential interference contrast (DIC) microscopy were utilized to characterize morphologies of the investigated contact lens surfaces, both as manufactured (fresh) and after incubation with either 0.1% (w/v) HA or Biotrue MPS solutions. In pilot studies, the 0.1% (w/v) HA-solution concentration that is used in some contact lens comfort drops proved optimal for achieving a readily stained HA network that was well imaged by AFM. The approach described herein provides a simple and direct HA visualization method that can be easily applied to evaluate HA interaction with hydrogel materials.
Materials and methods

Contact lenses and ha solutions
The purpose of this study was to investigate the interaction of HA sorbed from Biotrue MPS on three commercially available SiHy contact lens materials, balafilcon A, 26 samfilcon A, 27, 28 and senofilcon A 29, 30 (Table 1) . Balafilcon A (PureVision) is an FDA class 31 V-A, low-water-content (36%) SiHy material that requires postpolymerization plasma treatment to increase lens-surface wettability. It is fabricated from a vinyl carbamate derivative of 3-(tris[trimethylsilyloxy]silyl)propyl methacrylate, N-vinylpyrrolidone, a siloxane cross-linker, and a vinyl alanine wetting monomer. 26 Samfilcon A (Ultra) is an FDA class 31 V-C, inherently wettable, low-water-content (46%) SiHy material fabricated from a proprietary siloxane copolymer and N-vinylpyrrolidone monomer. 27, 28 Senofilcon A (Acuvue Oasys) is an FDA class 31 V-C r , inherently wettable, low-water-content (38%) SiHy material fabricated from monofunctional polydi methylsiloxane, N,N-dimethylacrylamide, 2-hydroxyethyl methacrylate (HEMA), siloxane macromer, tetraethylene glycol dimethacrylate, and polyvinylpyrrolidone (PVP) internal wetting agent. 29, 30 All investigated hydrogels were incubated either with 0.1% (w/v) HA solution (MW 1,800 kDa) or Biotrue MPS. 16 sulfobetaine zwitterionic detergent (,0.1%) and Tetronic 1107 (,5%) surfactant, boric acid (,1%), sodium borate (,1%), edetate disodium (,1%), sodium chloride (,1%), and a dual-disinfection system of polyaminopropyl biguanide 0.00013% (w/w) and polyquaternium 0.0001%. 8, 32 The synergistic combination of sulfobetaine detergent, Tetronic 1107 poloxamine surfactant, and HA mucopolysaccharide increases lens-surface wettability. Tetronic 1107 associates with contact lens surfaces, and is retained for at least 8 hours in vitro. 2 HA, the eye's natural lubricant, 13 binds up to 1,000 times its weight in water, 33 and retains moisture at the lens surface. Similar to Tetronic 1107, HA associates with lens surfaces, and is retained by a number of different lens materials for up to 20 hours in vitro. 6, 7 Lenses were received in their respective blister packages containing buffered saline solution with 0.005% methyl ether cellulose (senofilcon A), 29 borate-buffered saline (balafilcon A), 26 and borate-buffered saline with poloxamine (samfilcon A). 27 To effect HA sorption, lenses were removed from their respective blister packages and placed in ReNu leakproof lens cases (Bausch & Lomb Incorporated), each well filled with 4 mL of Biotrue MPS. Lenses were incubated overnight as per the Biotrue MPS package insert to mimic the recommended lens-cleaning regimen. An identical set of lenses was incubated with 4 mL per well of freshly prepared 0.1% (w/v) HA solution. Samples were not rinsed before incubation with the HA solutions, because preliminary experiments showed no difference in HA sorption between lenses that were first rinsed and lenses placed into solution directly from their respective blister packages.
Confocal laser-scanning microscopy imaging
Following incubation with HA or Biotrue MPS solution, lenses were subsequently transferred to ReNu leakproof lens cases containing 3 mL Gram's safranin solution (94635; Sigma-Aldrich). After 3 minutes incubation with the solution, stained samples were rinsed gently with HPLC-grade water for 3 minutes to remove unbound dye. Stained lenses were assembled on glass microscope coverslips (Corning Inc, Corning, NY, USA), dried 24 hours or more in a nitrogen box, and imaged using inverted CLSM (FV1000; Olympus, Tokyo, Japan) equipped with DIC imaging. Individual DIC and XY (2-D) confocal images were recorded using a 4×, 10×, or 20× air objective, and suitable confocal magnification as necessary.
imaging of large lens areas DIC and 2-D confocal images were captured across the sample with a lower-magnification microscope objective (10×). Individual images were merged using fiducial marks, defects, dust, or remaining stain particles serving as marks to guide the stitching of the master image generated using Adobe Photoshop CS5, which showed the HA-network distribution over a large lens area. Subsequently, 10 µm beads (Spherotech Inc, Lake Forest, IL, USA) were randomly deposited on the surface of the stained HA network. Again, DIC and XY confocal images were captured across the sample with a 10× microscopy objective and stitched together into a master image. Random DIC and CLSM images showing the details of the stained HA were recorded with 20× microscope objective. The images were then localized on the master image based upon the bead distribution.
atomic force microscopy imaging AFM (Dimension Icon; Bruker, Billerica, MA, USA) was used to characterize the morphology of the contact lens surfaces in the dry state. The lenses were removed from their blister packages and rinsed overnight in HPLC-grade water to remove residual packaging solution. Rinsed samples were assembled on custom-made holders, dried for 24 hours or more in a nitrogen box, and characterized. The images were captured using etched Si AFM tips (Bruker) and soft-tapping mode. Tuning of the tips was done automatically through instrument software (NanoScope version 8.15). Images of 10×10 µm or 40×40 µm scan area were recorded. The root-mean-square (RMS) surface roughness was calculated as the standard deviation of all the height values within an image area using NanoScope Analysis version 1.40 image-processing software. The scan rate was adjusted depending upon the sample, and was lower than 1.2 Hz.
The SiHy materials were also characterized by AFM after incubation with 0.1% (w/v) HA solution. Following incubation, lenses were gently rinsed for 3 minutes and assembled on appropriate holders. After drying for 24 hours or more in a nitrogen box, samples were imaged using soft tapping in air mode. 
Results and discussion
HA sorbed on contact lenses may increase lens performance by maintaining lens wettability. 6 Sorption of HA on SiHy lenses can be chemical or physicochemical in nature. It can be effected by chemical attraction between appropriate functional groups of HA and functional groups on/in a hydrogel. Suitable (eg, porous or rough) surface morphology may also provide a mechanism for the HA biopolymer to anchor onto the polymeric material. Senofilcon A and samfilcon A materials, which are both inherently wettable but differ in water content, surface morphology, and surface chemistry, and plasma-treated balafilcon A were selected as representative SiHy materials for evaluation. 
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hyaluronan on silicone-hydrogel lenses senofilcon A (230±54.7 nm) was similar to that on samfilcon A (189.2±71.7 nm), while balafilcon A showed a unique structure. After incubation with 0.1% (w/v) HA solution, considerable diminishing of previously observed pits and other features was observed for all three hydrogels. Further, RMS surface roughness decreased to 1.9±0.6 nm, 0.7±0.4 nm, and 0.6±0.1 nm for balafilcon A (Figure 1C ), senofilcon A ( Figure 1F) , and samfilcon A (Figure 1I ), respectively. AFM section analysis of balafilcon A (Figure 2 ) confirmed that the sorbed HA reduced the pore/pit size, and that HA filled the pits and valleys present on the lens surface, significantly reducing their depth (3.7±1.4 nm). The island-and valley-like features observed on images of the fresh lens were no longer detected. HA packed the pores and smoothed the surface. Uniform coverage of the lenses with HA was observed, based upon imaging of ten randomly chosen areas.
AFM has been used previously to characterize the surfaces of various contact lenses. González-Méijome et al reported surface roughness of balafilcon A of 8.3-19.11 nm, depending upon the area analyzed. 34 Lira et al similarly reported surface roughness of 9.5±0.7 nm over an area of 100 µm 2 , compared with 13.38 nm from the previously mentioned study and 5.4±0.4 nm in this study. 35 Teichroeb et al reported surface roughness of 3.01-5.24±0.2 nm for balafilcon A and 0.9-1.86±0.2 nm for senofilcon A. 36 They described balafilcon A as having an "island-like" structure, and senofilcon A as having a "sponge-like" surface topography.
While images of HA sorbed on contact lenses are few and not well characterized in the literature, contact lenses with both elutable and covalently bound HA have been described. Ali and Byrne used molecular imprinting principles to design lenses with high HA affinity that eluted therapeutic amounts of HA over at least 1 full day of lens wear. 37 However, imaging of the HA and the lens was beyond the scope of the study. Sheardown et al studied a number of HA-containing lensmaterial variants.
14,38,39 Van Beek et al used AFM to show that cross-linking relatively low-MW HA into poly-HEMA-based hydrogels increased surface roughness.
14 Although similarmodel SiHy lenses with HA proved to reduce the sorption of lysozyme on lenses, HA at the lens surface was characterized by Fourier-transform infrared spectroscopy-attenuated total reflectance and X-ray photoelectron spectroscopy. 38 Weeks et al also reported extended delivery (3-7 weeks) of HA from lenses into which HA was incorporated during synthesis, but did not report further surface characterization. 39 Bettuelli et al used AFM to image an HA-containing contact lens (St Shine Optical) and reported surface roughness of approximately 2-3 nm over a 10×10 µm area, 40 similar to our finding with HA sorbed on balafilcon A. However, the roughness of the analogous HA-free lens was not reported, and our HA loading procedure is different, making the comparison interesting but of unknown validity. Tavazzi et al used AFM and scanning electron microscopy (SEM) to image a SiHy lens (Safilens, Italy) before and after sorption of fluorescently labeled, 10 3 kDa HA. Pore size decreased after incubation with the HA solution, suggesting uptake by the lens. 41 Further, CLSM 
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Wygladacz and hook revealed discrete fluorescein emission originating 5-10 µm beneath the surface; the spacing between these points of emission was roughly the same as the spacing between the pores observed in the SEM images.
ClsM and DiC imaging
While AFM provides excellent resolution, it is not suitable for imaging of larger areas or rough samples. HA localization and its distribution can be better illustrated by using an appropriate microscopy technique. Fluorescence-based techniques are of particular interest, due to their inherent ultralow parts-pertrillion detection limit. 42, 43 While HA is nonfluorescent, it forms stable complexes with various cationic dyes, 24 such as toluidine blue (TB), 44 safranin, 45 and AB. 22 TB metachromatically stains HA red, with maximum emission at 660 nm when excited at 595 nm. Blumenkrantz reported that HA-TB products may be of various morphologies, such as filamentous or granular. 44 AB, a derivative of a copper phthalocyanine, stains mucopolysaccharides and glycosaminoglycans. 22 Safranin (530/590 nm excitation/emission wavelength) 46 is a biological Gram stain typically used for the detection of cartilage, mucin, and mast cells. However, there have been few reports in the literature describing interactions of safranin with HA samples other than biological.
TB and AB staining of HA sorbed on lenses proved challenging, with AB the more problematic. Commercial AB stain is received as a saturated solution of the fluorophore. The crystals of the stain components adhered strongly to the lens materials and were difficult to rinse, thus interfering with the HA-visualization method. In contrast, safranin stain was found more suitable for imaging HA sorbed on SiHy lenses. To determine how safranin interacts with SiHy materials, fresh lenses were first incubated for 3 minutes with safranin solution. Nonspecific interaction of the dye with all lens materials was evident, and manifested as brightly fluorescing polymer (image not shown). CLSM images of SiHy materials incubated overnight with 0.1% (w/v) HA solution and stained with safranin are shown in Figure 3 . Sorbed HA is readily observed on all three hydrogel surfaces as a dim film against the bright background. The morphology of the HA network was similar on all substrates, but HA density appeared greater on samfilcon A ( Figure 3C ) than on balafilcon A ( Figure 3A ) or senofilcon A ( Figure 3B ). This may reflect stronger attraction of HA to this hydrogel, because of its greater concentration of PVP in the lens formulation. Like samfilcon A, senofilcon A is also inherently wettable, but it is fabricated with less PVP compared to samfilcon A. 28 The morphology of sorbed HA 
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hyaluronan on silicone-hydrogel lenses in CLSM images resembled that observed in AFM images ( Figure 1) . Imaging of larger lens areas was limited to the objective magnification available on CLSM; 3.2×3.2 mm images were captured to demonstrate uniform coverage of HA on the SiHy materials. To validate that the observed dim films on the surfaces of the samples were the HA network stained with safranin, the films were scratched gently with tweezers. While the balafilcon A lens readily delaminated from the glass holder, the senofilcon A ( Figure 3D ) and samfilcon A ( Figure 3E ) lenses remained adhered, and the HA film tore at the site of the scratch, revealing the HA film, the defects, and the fluorescent substrate. The glass holder was not optically active, and thus appears black in the images.
The CLSM method was subsequently used to verify transfer of HA to the lens surfaces from Biotrue MPS. In control experiments, Biotrue MPS components other than HA did not interact with the stain (data not shown). CLSM images of the SiHy contact lenses after overnight incubation with Biotrue MPS and staining with safranin are displayed in Figure 4 . A dim, relatively less fluorescent HA network similar to that observed on lenses incubated with HA solution (Figure 3 ) was evident. However, the density of HA sorbed from Biotrue MPS was less than that of HA sorbed from pure solution, due to the different HA concentrations in the two solutions. While similar HA morphology, network structure, and network distribution was observed on balafilcon A ( Figure 4A ) and senofilcon A materials ( Figure 4B ), HA density appeared greater on samfilcon A ( Figure 4C ). Scratched HA films behaved similarly to those adhered from HA solution, with balafilcon A delaminating, and senofilcon A ( Figure 4D ) and samfilcon A ( Figure 4E ) remaining adhered. Therefore, the HA biopolymer appeared to effectively sorb from both HA solution and Biotrue MPS on all SiHy materials evaluated.
To our knowledge, this is the first study to report CLSM images of unlabeled HA on contact lens surfaces. However, several studies have used fluorescein-labeled HA (F-HA) to image interactions between HA and contact lenses. Weeks et al loaded F-HA into conventional lens materials, and used CLSM to determine the distribution of HA within the hydrogel. 47 They used Z-stack CLSM to determine that the depth of penetration of HA into the lens was a function of HA MW. Singh et al similarly used F-HA to image sorption of HA on PureVision lenses that had been modified with an HA-binding ligand. 48 One potential disadvantage of this technique is that F-HA and HA may interact differently with lenses, while the stain used in our study interacts with HA already sorbed on the lens. DIC imaging was used to resolve the fine details of the stained HA network, as well as to show its coverage over the lens surfaces ( Figure 5 ). Lenses incubated with safranin solution but not exposed to HA or Biotrue MPS solutions served as control. The senofilcon A ( Figure 5A ) and samfilcon A ( Figure 5D ) control lens surfaces were smooth and clear. In contrast, the balafilcon A lens could not be imaged by DIC due to spectral interference. The refractive indices of HA-safranin complexes and stained polymer matrices were sufficiently different to visualize readily the confluent HA network present on senofilcon A ( Figure 5 , B and C) and samfilcon A ( Figure 5 , E and F) surfaces, respectively. The morphology, distribution, and density of the HA chains were similar to those observed in the CLSM images (Figure 4) . DIC has inherently lower resolution than either AFM or SEM, but is faster and does not require sample coating. DIC and CLSM imaging were used to demonstrate HA distribution over a large senofilcon A lens surface area. Individual confocal and DIC images captured sequentially across the sample with a 10× air objective were then combined into a large master image. While the HA pattern can be seen on individual images, the resulting master image was not convincingly stitched together correctly. Therefore, 10 µm-diameter beads were randomly distributed over the lens surface, and a second set of images labeled with beads was captured using the 10× microscopy objective. The superposition process was repeated using the beads to line up the frames, which resulted in a similar master image, corroborating the original procedure. Ten randomly chosen areas on both master images were examined using higher objective magnification (20×) to verify HA coverage of the entire lens surface. The master images of HA sorbed on senofilcon A shown in Figures 6 (DIC) and 7 (CLSM) confirm uniform lens-surface coverage by the HA network. The DIC attachment on the Olympus CLSM allowed for recording of high-resolution images, as well as resolution of the fine details of the stained HA network. However, the lack of morphological detail of the network observed in Figure 6 was most likely due to the lost image resolution when beads rather than the HA were captured in focus.
Identification and characterization of interactions between HA and SiHy lens materials is beyond the scope of this study, but Ali and Byrne disclosed methods to increase the affinity of a hydrogel lens for HA. 37 These authors incorporated into lens synthesis certain acrylate and methacrylate lens monomers to mimic amino acids from the HA-binding site 
Notes:
The master image of the ha network distributed over the entire lens area was prepared by stitching sequential images recorded using a 10× objective. randomly chosen areas were examined using 20× magnification to visualize HA on the entire lens surface. The beads (fiducial marks) were used to identify fine details. Abbreviations: DiC, differential interference contrast; ha, hyaluronic acid. 
The master image of the stained ha network distributed over the entire lens area was prepared by stitching sequential images recorded using a 10× objective. randomly chosen areas were examined using 20× magnification to visualize the HA-network details. The beads (fiducial marks) were used to localize the image position on the master image. Abbreviations: ClsM, confocal laser-scanning microscopy; ha, hyaluronic acid. 
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Wygladacz and hook of the natural CD44 receptor for HA. They further reported that among several molecules studied, PVP retarded HA diffusion from the lens bulk, due to noncovalent interaction. Therefore, similar noncovalent interaction between the PVP wetting agent present in samfilcon A and senofilcon A may promote HA attraction to these hydrogels.
The mechanism of the HA sorption on balafilcon A lenses may be more complicated. The relatively rougher topography of the hydrogel, ie, the pores, valleys, etc, may act as a physical binding site for HA. Additionally, the plasma treatment was not uniform over the entire lens surface, resulting in distinct hydrophilic and hydrophobic islands. Therefore, some functional group of the lens material may also interact with the HA, while others do not.
Summary
In this study, sorption of HA from Biotrue MPS to SiHy contact lens materials was investigated. Balafilcon A, senofilcon A, and samfilcon A were selected as model hydrogels. AFM and CLSM were used to characterize topography and RMS roughness of fresh (out of the package) SiHy materials, as well as to determine interaction with HA. AFM, CLSM, and DIC imaging confirmed the presence of a uniform HA network on the surfaces of all three SiHy lenses after incubation with HA solution or Biotrue MPS. While the inherent hydrophilicity of HA would lead one to expect that Biotrue MPS would closely associate with poly-HEMA-based contact lenses, this study suggests that it also readily associates with SiHy lenses. The unexpectedly high degree of nonspecific uptake of safranin into the lens bulk allowed for a simple method to visualize HA (and likely other high-MW biopolymers) on the lens surface. The technique should prove valuable in future studies of HA sorbed on contact lenses, and possibly HA sorbed on other biomedical polymers used in other applications.
